The structures of parent anion, M − , and deprotonated molecule, [M−H] − , anions of the highly polar p-nitroaniline (pNA) molecule are studied experimentally and theoretically. Photoelectron spectroscopy (PES) of the parent anion is employed to estimate the adiabatic electron affinity (EA a = 0.75 ± 0.1 eV) and vertical detachment energy (VDE = 1.1 eV). These measured energies are in good agreement with computed values of 0.73 eV for the EA a and the range of 0.85 to 1.0 eV for the VDE at the EOM-CCSD/Aug-cc-pVTZ level. 
I. INTRODUCTION
The highly polar p-nitroaniline (pNA) molecule captures free electrons to form the pNA − anion while deprotonation of pNA occurs in solution to form the [pNA − H] − anion. This research represents a combined experimental and computational investigation of the valence (parent and deprotonated) as well as dipole-bound anions of pNA. p-Nitroaniline represents a classic "push-pull" aromatic molecule as a result of the electron donating NH 2 and electron accepting NO 2 moieties at the para postions on the π -conjugated benzene ring ( Figure 1 ). 1 Such donor-acceptor molecules show great promise as nonlinear optical crystals for a host of applications. 2 The dipole moment of p-nitroaniline has been measured in acetone to be 6.2 Debye 3 while calculations of isolated pNA give values between 7.0 and 8.1 Debye. 4 The dipole moment of the excited singlet state of pNA has been determined to be 13.35 D. 5 Such large dipole moments assure strong binding of an electron to the ground and excited states to form dipolebound anions and electronically excited Feshbach resonances, respectively.
A number of studies have considered the negative ion properties of pNA. In one study, thermal electrons were found to attach to pNA to form a long-lived, so-called nuclearexcited or vibrationally excited Feshbach resonance with an auto-detachment lifetime of ∼15 μs. 6 Dissociative electron attachment processes at higher electron energies were not reported. Huh et al. 7 obtained electron affinities (EA a s) for a series of substituted benzenes by determining the electrontransfer equilibria in the gas phase using an EA a scale established with nitrobenzene (EA a = 0.99 eV) 8 to provide an absolute calibration. This method resulted in an EA a of pNA to be 0.91 eV. One photoionization study of pNA has given an ionization potential of 8.34 ± 0.01 eV 9 while another electron impact ionization study gave an ionization potential of 8.6 eV 10 as well as reporting appearance energies for C 6 H 6 N + and C 6 H 6 NO + . The former ion results from NO 2 loss and the occurrence of the latter product implies considerable rearrangement in the loss of NO. Many studies have also reported NO loss from molecules similar to pNA and discuss the possible rearrangement pathways. 11, 12 In this study, we present the experimental valence adiabatic electron affinity (EA a ) and vertical detachment energy (VDE) for the pNA parent anion by means of photoelectron spectroscopy (PES). In addition, the deprotonated pNA anion was produced by electrospray ionization followed by collision-induced dissociation (CID). Experimental measurements of these photodetachment and dissociation energy thresholds are compared to computed values. We also present ab initio calculations of dipole-bound vertical electron affinities for pNA as well as a comparison of experimental and calculated binding energies for all dipole-bound affinities reported, thus far, in the literature for polar molecules having moments from ∼2.4 to 7 Debye. The experiments to be reported in this work are not designed to detect dipolebound anions; however, we conjecture on the possible transport of electrons through polar molecules in the gaseous and liquid state which might be facilitated by dipole-bound or quadrupole-bound anions.
II. COMPUTATIONAL AND EXPERIMENTAL METHODS

A. Photoelectron spectroscopy
PES was conducted by crossing a mass-selected negative ion beam with a fixed-frequency photon beam and energyanalyzing the resultant photodetached electrons. This technique is governed by the energy conserving relationship hν = EKE + EBE, where hν is the photon energy, EKE is the photodetached electron kinetic energy, and EBE is the electron binding energy or the transition energy needed to take the anion to a particular vibrational state of its neutral counterpart.
Negative ions were formed by slow-electron attachment to pNA. The ion source was a biased (−500 V), supersonic expansion nozzle-ion source, where the pNA sample was placed inside its stagnation chamber and heated between 30 and 60
• C. The vapor was then co-expanded with approximately 1-2 atm of argon gas through a 25 μm nozzle into ∼10 −4 Torr vacuum. Electron attachment occurs by injecting low energy electrons from a hot and even more negatively biased thoriated iridium filament into the expanding jet, where a weak external magnetic field helps to form a micro-plasma. The newly formed anions were then extracted, collimated, and transported via ion optics through the flight tube of a 90
• magnetic sector mass spectrometer with a typical mass resolution of ∼400. The mass-selected beam of pNA parent anions of interest was then crossed with an intracavity operated argon ion laser beam, and the photodetached electrons were energy-analyzed by a hemispherical electron energy analyzer with a resolution of ∼30 meV. The photoelectron spectrum was recorded with 2.54 eV photons and calibrated against the well-known photoelectron spectrum of the O − anion.
13
A detailed description of this apparatus has been described previously.
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B. Collision induced dissociation
All CID studies were performed with a QStar Elite triplequadrupole mass spectrometer (ABSciex) using argon as the collision target (Figure 2 ). Ions were created via electrospray ionization (TurboIonSpray R ) by passing a dilute solution containing the analyte through a 0.005 in. inlet syringe tip with a bias voltage of −4.2 kV and a flow rate of 20 μL/min. The resultant charged vapor was carried into the instrument by a nitrogen "curtain" gas. The ions then passed through a declustering region and focusing potential before being   FIG. 2 . Schematic of the CID apparatus (QStar Elite TOFMS) showing the quadrupole Q1 for isolation of the electrospray ions and the collision region containing argon gas (CAD) followed by product ion identification by the TOF Mass Spectrometer. Differential pumping occurs at each chamber as shown along with approximate operating pressures in each region.
spatially separated in the first of three quadrupoles (Q0), mass selected in the second quadrupole (Q1), followed by collision in the final quadrupole (Q2). The collision energy (CE) is set by the difference in potential of the first quadrupole and the offset voltage (RO2) on the sheath of the final quadrupole (CE = Q0-RO2). Final mass analysis of the collision products was performed using a reflectron time-of-flight (TOF) mass spectrometer.
The CAD pressure was held at approximately 3.5 × 10 −5 Torr throughout the collision process. This is consistent with previous threshold CID experiments. [15] [16] [17] [18] [19] [20] [21] [22] [23] The collision cell in the QStar Elite system is 21.2 cm long which is shorter than the expected mean free path of collisions at this pressure.
Calibration of the laboratory energy for the CID studies was carried out using two procedures. First, a retardation analysis was carried out resulting in a vanishing ion signal at 0 ± 0.5 eV. In the QStar Elite system, the presence of the collision gas could not be eliminated because it is used in many of the other instrument processes such as ion cooling. In a second procedure, the energy scale was calibrated using previous studies of the tri-iodide anion, I − 3 . [15] [16] [17] Thresholds from these two methods agreed within error bars; however, the I − 3 calibration method is believed to be more precise and accurate.
Following calibration with I − 3 , a concentrated stock solution of pNA in methanol was prepared and further diluted (∼2.5 μg/mL) for use in the electrospray ionization source. The CE was varied from 8 to 27.5 eV in steps of 0.5 eV in the lab frame.
All ion peak magnitudes were calculated by integrating the mass peak using the Analyst R software package. The cross-section was calculated as the ratio of the target's fragment peak to the sum of the parent ion's peak and the rest of the fragments' peaks. Modeling of the data was carried out using the empirical line of centers model of Armentrout et al. [18] [19] [20] [21] [22] [23] 
where E refers to the CE in the center of mass, while each E i is an internal energy with respective Boltzmann populations, g i . Multiplicities and corresponding Boltzmann populations were directly computed using the Beyer-Swinehart algorithm using an effective temperature of 300 K. 24 Constants σ 0 , E 0 , and n are fit parameters physically interpreted as a scaling factor, the threshold energy, and a factor to account for discrepancies between CID and hard-sphere collisions, respectively. To account for the thermal distribution of the collision target and the deficiency of energy transfer to the reaction coordinate from uncentered collisions, we used the method of Nalley et al. 25 to develop a distribution of relative velocities. The transition state utilized in the loss of NO is characterized by the rearrangement of the nitro group to form an ONO chain prior to dissociation. After this rearrangement, the dissociation process is expected to follow a monotonically uphill fragmentation. The transition state used in the modeling of the loss of NO − 2 is a tight transition state with vibrational modes corresponding to the vibrational modes of the deprotonated molecule minus that which corresponds to the reaction coordinate. In this case, the vibrational mode corresponding to the C-N stretch of the nitro group at 1339.03 cm −1 . This choice was motivated by the direct cleavage process resulting in NO − 2 anions which is a purely uphill process. Nonlinear regressions were carried out using a Bayesian Markov Chain Monte Carlo simulation with normal prior probability distributions. The mean of the priors were established by performing a coarse maximum likelihood grid search over the parameter space. In addition to parameter estimates, this fitting method allows for the calculation of model parameters without using numerical approximations to the derivatives which has been shown to be unstable in some cases of energy resolved dissociation modeling. 26 Following this procedure, the CID results in a center-of-mass threshold energy of 1.34 eV, within experimental error of the previously reported value of 1.31 ± 0.06 eV. [15] [16] [17] This means that the correction to the ion energy obtained by using the voltage difference between the ion source and target is 0.4 eV in the lab frame.
C. Ab initio methods
Computational investigations focused on characterizing valence and dipole-bound states of the anions of pNA. p-Nitroaniline is too large to use highly reliable ab initio methods typically required for predicting electron affinities accurately, and therefore more approximate methods must be used. An additional challenge is that self-consistent-field (SCF) calculations of the valence anion show very large spin contamination rendering second-order Møller-Plesset perturbation theory (MP2) for the valence anion calculations unreliable. Consequently, minimum energy structures and vibrational frequencies of the neutral were computed using both MP2 and the TPSS density functional, 27 while only the TPSS functional was used for the valence anion. The basis set used in these calculations is Ahlrichs's redefined triple-ζ set augmented with a minimal set of diffuse functions (ma-Def2-TZVP). 28, 29 Vertical electron affinities and vertical electron detachment energies were computed directly with the equationof-motion coupled-cluster with single and double excitations method for electron affinities (EA-EOM-CCSD). The VDE was also computed indirectly as the difference between coupled-cluster with single, double, and perturbative triple excitations energies of the neutral and the anion ( CCSD(T)). Owing to the spin contamination problem in Hartree-Fock calculations for the anion, coupled-cluster calculations for the anion were performed using the orbitals of the neutral (so called QRHF coupled-cluster calculations). Two basis sets were used in the coupled-cluster calculations, Dunning's correlation consistent double-ζ (Aug-cc-pVDZ) and triple-ζ (Aug-cc-pVTZ) sets, 30, 31 which were further augmented with a 6s6p6d set (even-tempered exponents between 0.01 and 3.16 × 10 −5 ) of extra diffuse functions centered at the center of mass of the molecule to characterize dipole-bound states (Aug-cc-pVDZ+ and Aug-cc-pVTZ+). In the MP2 and in all coupled-cluster calculations, the core electrons were frozen in their SCF orbitals. Three program packages were employed, GAUSSIAN09, 32 Orca, 33 and CFOUR.
The adiabatic electron affinity was computed initially using the B3LYP/6-311++G* level of theory to compute both geometries and single-point energies of the neutral and the valence anion. A more robust value was obtained by combining our best estimates of the following three properties: The VDE (EOM-CCSD/Aug-cc-pVTZ), the deformation energy of the closed-shell neutral, and the zero-point correction (TPSS-DFT frequencies). GAUSSIAN03 32 was used to computationally investigate the dissociations required for the loss of NO and NO − 2 . Calculations of the dissociation energy were performed at the B3LYP/6-311++G* and MP2/Aug-ccpVDZ levels of theory.
III. RESULTS AND DISCUSSION
A. Photoelectron spectrum
Attempts were first directed to produce the dipole-bound anion of p-nitroaniline, since its dipole moment is above both the theoretical critical value for a point dipole of 1.625 D and the empirical minimum value of 2.5 D necessary to support a stable dipole-bound state (see Ref. 35 and others cited therein). However, the dipole-bound anion of pNA was not evident in the photodetachment data, characterized in a photoelectron spectrum as a single, narrow peak close to zero electron binding energy (EBE) which reflects the nearly identical geometries between the anion and neutral. This dipolebound feature was not observed due to the nozzle-ion source's tendency to produce only the most stable anionic state of a molecule, which in this case was the valence anion state of p-nitroaniline.
In our experiment, we observed the photoelectron spectrum signature of a typical valence anion and this is shown in Figure 3 . This spectrum consists of a broad, unresolved band with an onset at 0.75 ± 0.10 eV and a maximum intensity at EBE 1.1 eV. The latter value corresponds to the best estimate of the VDE of the parent anion. Photodetachment is essentially an instantaneous process; therefore the resultant photoelectron spectral profile is governed by Franck-Condon overlap between the vibrational levels of the ground electronic state of the anion (v ) and those of the ground electronic state of the neutral (v ). In the case of the pNA molecule, the structures of the anion and its neutral are not thought to differ greatly, suggesting that there is good overlap between the v = 0 and v = 0 levels. Nevertheless, its photoelectron spectrum exhibits little vibrational structure, making the precise assignment of the origin transition difficult. Furthermore, as evidenced by its low EBE spectral tail and the source conditions utilized, vibrational hot bands are probably present. Since vibrational hot bands often account for the first 0.1 to 0.2 eV of the low EBE tail and since there is a discernible steep rise in signal at EBE = 0.75 eV, we estimate the value of EA a to be 0.75 ± 0.10 eV. This value is in good agreement with theoretical calculations estimate of 0.73 eV. − anion is given below:
B. Collision induced dissociation
are listed in order of increasing energy required to induce dissociation (see Figure 5 ). The two fragmentation pathways observed here are commonly seen in many similar molecules.
11, 12
Calculations of the threshold for both reaction pathways were carried out with the results shown in Table I . The CRUNCH package has been used to show similar results (see the supplementary materials). 22, 23, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] There are considerable differences in the ab initio thresholds depending upon the method employed. Despite these differences some conclusions can be drawn concerning the dissociation mechanisms.
In comparing experiment with calculations, one can see that there is good agreement between the values for the dissociation pathway leading to NO − 2 loss (pathway 2), while a significant barrier prevents the loss of NO from deprotonated pNA. This is attributed to the rearrangement of the molecule in order to foster the loss of nitric oxide (see the supplementary materials). 48 The rearrangement requires the rotation of the nitro group to form a CNO ring which is finally cleaved from the rest of the molecule.
11 A minimal energy geometry for this transition state was computed using the B3LYP/6-311++G* level of theory while calculations at the MP2 level failed to converge.
C. Ab initio calculations
Calculations at both the MP2 and TPSS-DFT level of theory suggest that the minimal energy geometry of neutral pNA has C s symmetry where the benzene ring and the nitro group are essentially planar, but the amino group is pyramidal. However, the completely planar C 2v symmetrical conformation, which is a transition state with respect to the NH 2 wagging motion, is very close in energy (about 3 kJ/mol using TPSS and 1 kJ/mol using MP2). Comparing this to the frequency of the wagging motion, 540 cm −1 or 3.2 kJ/mol, it is apparent that this vibrational mode will be highly anharmonic, showing a large amplitude motion. Computing properties of the neutral accurately is thus challenging because it involves a weighted average over a large Franck-Condon zone and here we limit ourselves to reporting properties computed at the C s and C 2v stationary points. It should be noted that these values will contribute strongly to the vibrationally averaged results. For the valence anion of pNA the situation is more straightforward: The electron occupies the lowest π *-like orbital which increases the barrier associated with the amino wagging motion to 13.5 kJ/mol and while the valence anion may invert, it can clearly be thought of as having C s symmetry. Note that due to the large spin contamination at the SCF level, MP2 calculations for the valence anion are expected to be unreliable, similar to what has been found for nitrobenzene. 49 First, vertical electron attachment to pNA was studied with the EA-EOM-CCSD method using Aug-cc-pVDZ+ and Aug-cc-pVTZ+ basis sets. At both geometries the anion is predicted to have three bound states, two with EBE on the order of 100 meV, and one very weakly bound state with a binding energy of about 2 meV (Table II) . The two states with approximately 100 meV binding energy represent a pair of strongly coupled diabatic states, one with dipole-bound and one with valence bound character; the third state is very diffuse and does not mix appreciably with the lower two states. The lower two states can be untangled at the planar geometry, because in C 2v symmetry the two states are decoupled with the dipole-bound state showing 2 A 1 symmetry while the valence state has 2 B 1 symmetry ( Figure 6 ). The valence state is compact with an |r| value of 2.6 Å in contrast to the diffuse dipole bound state which has an |r| of 8.5 Å. As expected for a valence state, the EBE increases substantially in going from a double-zeta to a triple-zeta basis set (Table II) . At non-planar geometries, the valence and dipole states mix TABLE II. Vertical electron affinities, in meV, computed with the EA-EOM-CCSD method. The standard augmented double-ζ and triple-ζ basis set were further augmented with a 6s6p6d set of extra diffuse functions at the center of mass of the molecule. At the C 2v symmetric transition state dipolebound states have A 1 symmetry while the valence state has B 1 symmetry. In C s symmetry all bound states have A symmetry, and only the third state can be characterized as dipole-bound, whereas the lower two states show a mixed character. (both have 2 A symmetry) with the state lower in energy being somewhat more compact and therefore having somewhat more valence character ( Figure 7) .
Second, the VDE of the pNA anion has been computed at its C s symmetrical minimal energy structure and at the planar C 2v symmetrical transition state (Table III) . The EA-EOM-CCSD/Aug-cc-pVTZ results suggest that the VDE depends strongly on the precise geometry of the NH 2 group, which in turn suggests that the VDE at the minimal energy structure may not be a reliable measure for the vibrationally averaged VDE (cf. discussion above). For a reliable prediction of the photoelectron spectrum, one would need to map out the VDE in the Franck-Condon zone and perform a FranckCondon analysis for the anion to neutral transition. Moreover, finite temperature effects may be expected to shift the maximum of the photoelectron signal to lower energies because higher temperature should be associated with effectively planar NH 2 groups. Mapping and properly averaging the VDE FIG. 7 . Natural orbitals from EA-EOM-CCSD/Aug-cc-pVDZ+ calculations for the two lowest states of the pNA − anion. At the C s symmetrical minimal energy geometry, the two lower states of the anion both have 2 A symmetry are strongly coupled, and can not consequently be characterized as either dipole-bound or valence. Eighty-percent enclosing iso-surfaces of the first and second states are shown in (a) and (b), respectively. Note the comparable length scale of the two figures; |r| of the respective natural orbital is 4.3 Å for the lower and 6.8 Å for the higher state. are well beyond the scope of this paper, and again we have to limit ourselves to properties evaluated at stationary points, which suggest a VDE in the 0.85 to 1.0 eV range. This range is based on the CCSD(T)/Aug-cc-pVTZ VDE of the C 2v symmetrical conformation, the energy difference between the C 2v and C s symmetrical structure computed at the EOM-CCSD level, and the expectation that the Aug-cc-pVTZ basis set is reasonably well converged. Finally, the adiabatic electron affinity (EA a ) for the valence pNA anion was calculated at the B3LYP/6-311++G* level using C s geometry for the anion and C 2v for the neutral and the result is 0.88 eV. A presumably more reliable value for the EA a of the valence state can be derived from (1) our best VDE (EOM-CCSD), (2) the CCSD(T) deformation energy of the neutral (that is, the energy difference of the neutral at its own equilibrium geometry and the neutral at the equilibrium geometry of the valence anion), and (3) the zero-point correction from the TPSS-DFT frequencies. Again, there are caveats regarding the floppy nature of the neutral, but for the EA a these effects should be small. The EA a obtained from the EOM-CCSD/Aug-cc-pVTZ VDE of 0.94 eV, the deformation energy of 0.32 eV (CCSD(T)/Aug-cc-pVTZ), and the zeropoint correction of 0.11 eV (TPSS/maDef2-TVZP) is 0.73 eV. The biggest error likely arises from the VDE, which is, as discussed above, expected to be an underestimate. In any event, the value compares favorably with the experimental findings.
IV. CONCLUSIONS
Properties of the parent ion and the ion resulting from deprotonation of the highly polar p-nitroaniline molecule have been studied both experimentally and theoretically. The theoretical adiabatic electron affinity of pNA (0.73 eV) is in excellent agreement with the measured value of 0.75 ± 0.1 eV. Also, there is good agreement between theory and experiment for the dissociation energy leading to NO − ; however, combined theory and experiment predicts a significant barrier to the loss of NO from the dehydrogenated pNA anion.
In addition to the valence anions, we predicted two dipole-bound anion states, one at 100 meV and an excited state bound by about 2 meV. While there cannot be any doubt that pNA supports dipole-bound states, these states were not directly observed in this experiment. There are several reasons for this behavior: first, dipole-bound states are difficult to observe directly in such "doorway" cases as explained in our earlier studies of nitroethane, 50 nitromethane, 51 and [52] [53] [54] [55] [56] [57] There is some uncertainty as to the dipole moment of the isolated pNA molecule; however, it has been measured in acetone to be 6.2 D. 3 nitrobenzene. 52 Second, we did not attempt to observe the dipole-bound anion of pNA with a predicted binding energy of 100 meV using Rydberg electron transfer (RET). Any formation of this dipole-bound anion using RET would occur at such low principle quantum numbers that signal would be too low to detect due to the inability of the ion-pair to separate as reported in earlier experiments with highly polar (∼5.5 D) molecules. 53 Also the dipole-bound state with an energy of 3 meV would be masked by the RET to the valence state much like that seen in our earlier studies. [50] [51] [52] Rotational resonances have been well studied previously for dipole-bound radical anions. 58, 59 pNA − represents an excellent candidate to search for threshold rotational resonances at both of the valence to dipole-bound excitation energies (i.e., EA a = 0.75 eV or 1653 nm). The presence of two dipole bound states should make for interesting spectroscopy. It is instructive to place the highly polar pNA molecule in reference to other dipole-bound anions. Figure 8 presents a comparison of all dipole-bound electron affinities reported from both experiment and theory versus dipole moment including our calculated value for pNA at 6.2 D. More experiments and theories are needed for polar molecules above 5 D in order to evaluate the molecular properties other than dipole moment which contribute to electron binding. For large dipole moment molecules, the electron is much "closer" to the molecular framework and at some point the electron can be bound into a valence type state. A solution to this problem for a high dipole moment molecule would be a better method used in the production of the dipole-bound anion. It is known that if the dipole moment is too high the detection of the anion is extremely difficult for Rydberg electron transfer processes due to the inability of the ion-pair to separate at such small internuclear separations. 51 To this end we are currently working on a method to accommodate fast Rydberg atoms in RET reactions to allow better separation of dipole-bound anion and alkali cation pairs to prepare dipole-bound anion signals intense enough for further studies.
Finally, we have previously pointed out that dipole-bound anions can act as "doorway states" to the formation of valence bound anions in nitroethane, 50 nitromethane, 51 and nitrobenzene. 52 One might call this intramolecular charge transfer within the molecule. This may be particularly important in large biomolecules (i.e., those involving amino acid moieties). In an extended system of such polar (or quadrupolar) molecules, electrons may flow from the dipole-bound state through the molecular framework to be stabilized on the electronegative end. Electrons might also be envisioned to pass through an extended chain of amino acids in a particular direction determined by the energy level of the dipole-bound anion (i.e. magnitude of the dipole moment). The works of Simons [60] [61] [62] and colleagues are beginning to address this important problem.
